We show that electron betatron resonance acceleration by an ultra-intense ultra-short laser pulse in a near critical density plasma works as a high-brightness gamma-ray source. Compared with laser plasma X-ray sources in under-dense plasma, near critical density plasma provides three benefits for electron radiation: more radiation electrons, larger transverse amplitude, and higher betatron oscillation frequency. Three-dimensional particle-in-cell simulations show that, by using a 7.4J laser pulse, 8.3mJ radiation with critical photon energy 1MeV is emitted. The critical photon energy Ec increases with the incident laser energy WI as Ec ∝ W High-brightness high-speed X-ray pulses have become powerful tools for a wide variety of scientific applications in physics, chemistry, biology, and material science, etc. X-ray pulses can be generated when relativistic electrons experience transverse oscillations. The traditional Xray sources, such as synchrotron radiation sources and Compton scattering sources, are usually based on the conventional particle accelerators, which are very large and expensive. Recently, with the rapid development of laser-driven acceleration technology, all optical X-ray sources, which are compact and cost-effective, attract many interests [1].
radiation power P ∼ 2αE c ω β γv ⊥ /(3c), and confined in a narrow angle ∆θ ∼ 1/γ along the electron motion direction, where α is the fine-structure constant, is the plank constant, and c denotes the velocity of light. It is shown that, both the critical photon energy and the radiation power can be enhanced by increasing the values of electron energy, transverse velocity, and transverse oscillation frequency. Laser wake field in under-dense plasma is a promising medium for compact high-brightness source of keV x-rays [3] [4] [5] . State-of-the-art laser plasma electron accelerators can now accelerate electrons to GeV energies in centi-metres [6] . However, it is very difficult to increase the energy more than one order of magnitude. Fortunately, there are still some ways to increase the other two values. The transverse betatron velocity can be enhanced more than one order of magnitude by resonance between the electron betatron motion and the laser pulse. By irradiating a petawatt laser pulse on a gas target, in the direct laser acceleration dominated regime [7, 8] , high-brightness synchrotron X-ray can be generated [9] . In laser wake field, the betatron oscillation amplitude of GeV electrons can be dramatically enhanced when resonance occur. By interacting the relativistic electrons with the rear of the driven laser pulse, 10 8 gamma-ray photons with spectra peaking between 20 and 150keV have been observed in experiment [10] . On the other hand, by colliding high energy electrons with a laser pulse, the transverse oscillation frequency can be an order of magnitude as the laser frequency, which is usually two orders of magnitude higher than the betatron frequency in the wake field. With the combination of a laser-wake-field accelerator and a plasma mirror, 10 8 X-ray photons with photon energy ranging from 50keV to 200keV have been generated in experiment [11] . With further optimizing, 10 7 M eV gamma-rays have been emitted [12] . In this letter, we investigate betatron radiation of electrons by propagating a ultra-intense ultra-short laser pulse in near critical density plasma. We found that, both the transverse velocity v ⊥ and the betatron fre-quency ω β can be enhanced dramatically. In this condition, when the transverse betatron frequency is close to the laser frequency in the electron frame, relativistic electrons can undergo acceleration and betatron oscillation simultaneously, and then a helical electron beam can be generated [13] , as illustrated in Fig. 1 , by propagating a 7.4J laser pulse in a near critical density plasma. The relativistic electrons experience transverse oscillations with very high energy and very high frequency, can emit high energy photons along electron motion direction. In simulation, 8.3mJ electromagnetic radiation with critical photon energy E c ∼ 1.17M eV is emitted. Simulation results at different laser plasma parameters show that, E c can increase with the initial laser energy W I as E c ∝ W
1.5
I , and meanwhile the photon number N γ can be proportional to W I .
Here we normalized the betatron oscillation frequency and transverse velocity by ν = ω β /ω 0 , and β = v ⊥ /c, where ω 0 is the initial incident laser frequency. According to the self-matching resonance acceleration regime [13] , for a resonance electron, we have β = ν/2, and ν = 1 − v z /v ph , where v z is the electron velocity along laser propagation direction, v ph = ω 0 /k is the phase velocity of the laser pulse, and k is the wave number which satisfies ω
The relativistic self-transparent plasma frequency ω p can be written as ω p = 4πe 2 n 2 e /am e , where a = eE L /m e cω 2 0 is the normalized vector potential for a laser pulse with electric field E L and laser frequency ω 0 , and n e is the density of electron beam in the center of the laser channel. The betatron frequency under azimuthal quasi-static transverse magnetic field B θ is [13] ω β = (ev z /γm e )(∂B θ /∂r) = µ 0 n e e 2 v 2 z /γm e . Then the maximum value of γ accelerated by resonance is γ r = µ 0 n e e 2 v 2 z /ω 2 β m e . At the limit of n e /a ≪ 1 and v z → c, one can get
Then we can get
It is appropriate to assume that every one electron experience one whole period to radiate. Then the radiation energy per electron become w r = P × 2π/ω β = 4παE c γ r β/3. The total energy of the betatron electrons can be written as W ele = N β γ r m e c 2 , where N β denotes the total number of betatron resonance electrons. Then we can get the total radiation energy
and the number of radiation photons with photon energy around E c
Further more, we can investigate the angle distribution of the radiation. The peak of the angular distribution is at
and the divergence angle (full angle) is [13] ∆θ
where B Sz denotes the axial magnetic field, and R is the spot size of the field. Now we present the details of the 3D simulations. In our condition, the electromagnetic radiation is dominated by synchrotron-like radiation regime. When the pair generation can be ignored, and radiation coherence is neglected, the synchrotron-like radiation can be evaluated by calculating the Lorentz-Abraham-Dirac equation. However, the equation is very difficult to solve. There are many modified methods to simplify the calculation [14, 15] . Here we extended a fully relativistic threedimensional (3D) particle-in-cell (PIC) code (KLAP) [16, 17] by using the calculation method in Ref. [14] , in which the radiation process and the recoil force are both considered consistently. A circularly polarized (CP) laser pulse, with central wavelength λ 0 = 1 µm, wave period T 0 = λ 0 /c, rising time 2T 0 , duration time 15T 0 , ramping time 2T 0 , and a Gaussian transverse (X,Y) envelope a = a 0 exp −r 2 /σ 2 , here σ = 3µm, a 0 = 13 corresponding to a peak laser intensity I = 4.6 × 10 20 W/cm 2 , is normally incident from the left boundary (z = 0) of a 100 × 12 × 12 µm 3 simulation box with a grid of 1200 × 144 × 144 cells. A near-critical density plasma target consisting of electrons and protons is located in 6 µm < z < 97 µm. In the laser propagation direction, the plasma density rises linearly from 0 to n 0 = 0.8n c in a distance of 5 µm, and then remains constant, where n c = m e ω 2 0 ǫ 0 /e 2 is the critical plasma density, m e is the electron mass, and ǫ 0 is the vacuum permittivity. In the radial direction, the density is uniform. The number of super-particles used in the simulation is about 1.8 × 10 8 for each species (8 particles per cell for each species corresponds to n 0 ). An initial electron temperature T e of 150 keV is used to resolve the initial Debye length ( T i = 10 eV initially). Figure 2 presents snapshots of simulation results at t = 70T 0 . After a stage of filamentary and self-channelling, about 3/4 of the laser energy has been exhausted by the plasma. The laser pulse is slightly self-focused, and the laser intensity is close to the initial intensity, i.e., a ∼ a 0 , as shown in Fig. 2(a) . Both electrons and ions are expelled by the self-focused laser pulse, and a laser channel is formed. A strong current of relativistic electrons is driven by the laser pulse in the direction of light propagation, and confined in the laser channel. A helical high density electron beam is formed in the center of the laser channel. In the longitudinal (Z, X) cut of the electron density, the helical beam shows a zigzag profile, as shown in Fig. 2(b) , labeled by a white dashed box. The density of the beam is about n e ∼ 2n 0 . Then according to Eq.(2,3), we can get that,
The energy density distribution is shown in Fig. 2(c) . It is shown that, most of the electron energy is localized in the beam in the selected box. The total energy of the electrons in the selected box is 0.9J, which is 12% of the initial laser energy. Then we can get
according to Eq. (4, 5) . The isosurface of the energy density with isosurface value 190n c m e c 2 in 3D is shown in Fig.1 , which shows a helical structure clearly. A strong quasi-static azimuthal magnetic field up to 0.5GG is generated by the strong electron current, as shown in Fig.  2(d) . Meanwhile, a strong axial magnetic field up to 0.12GG, with spot size R ∼ 1µm is generated, as shown in Fig. 2(e) . Then we can get ∆θ ∼ 0.18rad. In this condition, electron acceleration is dominated by the selfmatching resonance acceleration regime [13] . The accelerated relativistic electrons are executing collective circularly betatron motion. The spectra property of electrons in the selected box at t = 70T 0 is shown in Fig. 3 . The energy angular distribution shows that, most of the high energy electrons is distributed at a same angle of θ ∼ 0.18rad, with a divergence angle (full angle) of ∆θ ∼ 0.15rad, although the energy is ranging from 50M eV to 290M eV , as plotted in Fig. 3(a) . This means that the high energy electrons are executing a collective circularly betatron motion, with a transverse velocity β = 0.18, and a Lorentz factor γ ranging from 100 to 550. The simulation results coincide with the theoretical estimation. The energy spectrum of electrons in the selected box exhibits a plateau profile distribution, as shown in Fig. 3(b) by a solid line. The inset figure plots time evolution of the maximum energy of electrons. The electron energy increases dramatically at the begin, then reaches the maximum value 300M eV at t = 70T 0 , and then decreases slowly, since the driven laser pulse is exhausting. The energy spectrum of all electrons is shown in Fig. 3(b) by a dashed line. It is shown that, most of the high energy electrons are included in the selected box in Fig. 2(b) .
FIG. 4: (color online)
. Angular distribution of radiation energy with photon energies above 100keV . The radial coordinate and the angular coordinate, labels the the polar angle θ and the azimuthal angle φ along the laser propagation direction, respectively.
The angular distribution of the final radiation with photon energies above 100keV is shown in Figure 3(a) . The distribution is approximately azimuthal symmetric about the laser propagation direction, and most of the radiation energy is distributed in a polar angle ranging from 0.12rad to 0.35rad, with a peak value 3.7 × 10 4 M eV /mrad 2 at about 0.2rad. The final radiation distribution is a result of the energy angular distribution of high energy electrons, and confirms that most of the high energy electrons are executing collective circularly betatron motion. The total radiation energy calculated by integrating all the angles is about 8.3mJ, which is 0.1% of the incident laser energy. The corresponding photon number is 6.6 × 10 10 . The simulation results close to above theoretical estimation. It is noticed that, most of the radiation energy emitted with a finite polar angle, rather than that in most cases along the laser propagation direction. This is because that the synchrotron-like radiation of relativistic electrons is emitted almost along the electron motion direction, and the resonance electrons have a large transverse velocity. The duration time of the gamma-ray pulse is close to the length of the electron beam, is about 17f s. Since the radius of the radiation source is less than 1µm, then we can get the brightness of the gamma-ray emission with energies above 0.1E c is 1.5 × 10 22 photons/s/mm 2 /mrad 2 /0.1%bandwidth. More details of the radiation is shown in Fig. 5 . Since the radiation is azimuthal symmetric, we can plot the polar-angularly and spectrally resolved radiation energy, as shown in Fig. 5(a) . It is shown that, most of the radiation energy is distributed at a peak angle ∼ 0.2rad, and a divergence angle (full angle) about ∼ 0.2rad, with photon energy ranging from 100keV to 20M eV . The radiation energy spectrum by integrating the polar angle is shown in Fig. 5(b) . It is shown that, The peak of the spectrum is located at 1.3M eV . Since the spectrum is synchrotron-like, we can define a critical photon energy, divided by which the integration of the two parts are equal. Here the critical photon energy is 1.2M eV close to the peak value, and agree well with above theoretical estimation. Fig. 5(c)(d) show time evolution of the critical photon energy and the radiation power, respectively. They are calculated by analyzing the radiation every per 10 laser periods. It is shown that, the critical photon energy and the radiation power show similar evolution in time. After a fast increasing, both the critical photon energy and the radiation power reach peak values At t = 70T 0 .
Above investigation can be extended to a large range of laser energies. We simulated different laser plasma parameters, by keeping the dimensionless plasma skin length l s = an c /n e fixed, with initial laser energy ranging from 1J to 21J. We found that, the laser plasma interactions exhibit a scaling property on l s , especially, by keeping l s fixed, the values of n e /n 0 and W I /W ele nearly keep constant. Many other works also show that there is a scaling on l s [18, 19] . Since the energy of the laser pulse
, where T L = 17T 0 is the effective laser duration time, and I 1 = 1.37 × 10 18 W/cm 2 is the laser intensity when a = 1, then we can get the critical photon energy as a power function of the initial laser energy as
(10) And the number of the gamma photons is proportional to W I ,
The simulation results of the critical photon energy E c and the photon number with photon energies above 0.1E c are shown in Fig. 5(a),(b) , respectively. The dashed lines are the theoretical estimation of Eq. (10), (11) . The simulation results agree well with the theoretical estimation. The critical photon energy is increasing with the initial laser energy much faster than a linear relation, which is the upper limit of the X-ray radiation in under-dense plasma [1] . It is noticed that the critical photon energy, gamma photon number and radiation spectrum are similar in case of Linear Polarized laser pulse, only the Angular distribution of radiation energy is little different.
In conclusion, we have investigated electromagnetic emission by propagating an 7.4J ultra-intense ultra-short laser pulse in a near critical density plasma. 6.6 × 10 10 gamma-ray photons with critical photon energy 1M eV are emitted when electrons experience betatron resonance acceleration. With the initial incident laser energy W I increasing, the critical photon energy E c and the photon number N γ increase as E c ∝ W Electrodynamics (Wiley, New York, 1975) , the critical frequency of photons is estimated as ωc ∼ cγ 3 /ρ, where ρ = |p| 2 /(p × F ) is the curvature radius of the electron motion trajectory. For a relativistic electron experiences circularly betatron oscillation, one has p ∼ γmec, F ∼ γmev ⊥ ω β , and F is perpendicular to p, so we can get ωc ∼ ω β γ 3 v ⊥ /c. And the radiation power becomes P ∼ 2α γ 2 F 2 /(3m
